The structure of the mutant of bacteriophage T4 lysozyme in which Gly-156 is replaced by aspartic acid is described. The lysozyme was isolated by screening for temperature-sensitive mutants and has a melting temperature at pH 6.5 that is 6.1 "C lower than wild type. The mutant structure is destabilized, in part, because Gly-156 has conformational angles (4, I ) ) that are not optimal for a residue with a &carbon. High resolution crystallographic r5finement of the mutant structure (R = 17.7% at 1.7 A resolution) shows that the Gly -. ) Asp substitution does not significantly alter the configurational angles (4, 9) but forces the backbone to move, as a whole, -0.6 A away from its position in wild-type lysozyme. This induced strain weakens a hydrogen bond network that exists in the wild-type structure and also contributes to the reduced stability of the mutant lysozyme. The introduction of an acidic side chain reduces the overall charge on the molecule and thereby tends to increase the stability of the mutant structure relative to wild type. However, at neutral pH this generalized electrostatic stabilization is offset by specific electrostatic repulsion between Asp-156 and Asp-92.
Temperature-sensitive proteins which result from single amino acid substitutions are particularly useful in determining the roles of individual amino acids in the folding and stability of proteins. We report here the three-dimensional structure of a temperature-sensitive lysozyme from bacteriophage T4 in which glycine 156 is replaced by aspartic acid.
The mutant protein is one of a series of mutant lysozymes obtained by random and site-directed mutagenesis that is being studied by x-ray crystallography and other techniques (e.g. see Refs. 1-8).
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$ Received support from National Science Foundation graduate student fellowship. Present address: Chemistry Dept., Calvin College, Grand Rapids, MI 49506. of the progeny phage particles (9). The three-dimensional structure of the enzyme has been determined and refined at high resolution (10-12). The overall conformation of the molecule and the location of the Gly-156 + Asp substitution are illustrated in Fig. 1 . Using an abbreviation based on the one-letter nomenclature for amino acids, the mutant lysozyme is hereafter named G156D.
EXPERIMENTAL PROCEDURES
Mutagenesis and Screening of Mutants-The mutant phage which produces the mutant lysozyme G156D was generated by random mutagenesis with 2-aminopurine and identified using the procedure described by Griitter et al. (4) . Lysozyme activity can be detected by exposing phage plaques to chloroform vapors at room temperature (13). Following incubation for 6 h at temperatures within the range 30-43 "C, plaques of wild-type lysozyme become surrounded by large halos. Plaques with mutant lysozymes are distinguished by smaller or absent halos. As the incubation temperature is increased the halos of temperature-sensitive mutants become smaller whereas the halos of the wild-type phage are larger. The halo size of phage containing the mutant lysozyme G156D is smaller than wild type by about a factor of 4 at the low incubation temperature and becomes somewhat smaller as the temperature is increased.
Identification of the Mutation-The approximate locus of the mutation was determined by deletion mapping using a series of precisely mapped deletion mutants in the lysozyme gene (14). DNA sequencing of the mutant gene was used to determine the amino acid substitution (4, 6) .
Cytosine-containing DNA was isolated as described in Owen et al. (15) , except that ethanol precipitation was used in the final stages of DNA purification rather than dialysis. The purified T4 DNA was digested with the restriction enzyme XhoI (New England Biolabs) and separated by electrophoresis on 1% agarose (Seakem). The piece of the gel containing the 4-kilobase XhoI fragment, which contains the lysozyme gene (16), was physically removed from the rest of the gel, and the DNA was removed by electroelution (17). The 4-kilobase fragment was then digested with EcoRI (New England Biolabs) and HindIII (New England Biolabs) generating a unique EcoRI-Hind111 fragment containing the 3' half of the lysozyme gene. The EcoRIHindIII digestion was ligated into M13 mp8 (18) DNA which had also been cut with EcoRI and HindIII. The ligated mixture was used to transform E. coli JM103 which was then plated on @-galactosidase indicator plates. Colorless plaques were picked and further screened for the presence of lysozyme gene by cutting double-stranded DNAs isolated from these plaques with HpaI (New England Biolabs). Singlestranded phage DNA was isolated and sequenced using the method of Sanger et al. (19) .
Protein Purification and Crystallization-The EcoRI-Hind111 fragment containing the 3' end of the mutant lysozyme gene was cloned into the expression plasmid pHSe5 (courtesy of D. C. Muchmore).' The mutant protein was purified as described (Ref. 6) . ' Crystals of the mutant lysozyme were obtained under conditions essentially identical to those used for the wild-type protein (11). The crystals were equilibrated with a solution of 1.05 M KzHPO,, 1.26 M NaHzP04, 0.23 M NaCl, 1.4 mM mercaptoethanol, pH 6.7, prior to xray photography.
Crystallographic Data Collection-Three-dimensional data to 1.7-8, resolution were measured using the oscillation method (20, 21). Two crystals each measuring 0.5 X 0.5 X 0.9 mm were used in the data collection. Intensity statistics are summarized in Table I. A conventional difference electron density map with amplitude (FmWt -Fw.-) and phases calculated from the refined wild-type model (12) was used for initial inspection of the structural changes associated with the amino acid substitution (Fig. 2) . A map with coefficients (2FmWt -Fw.-) and phases calculated from the refined wild-type model (Fig. 3 ) was used to model build the altered amino acid in a PS300 graphics system using the program FRODO (22) . StructuralRefinement-The structure of the mutant lysozyme was refined using the "TNT" package of programs (23). The starting coordinates for the refinement were those of the wild-type lysozyme in the latter stages of its refinement (12), with an aspartic acid built into the electron density at position 156. Manual changes made in the wild-type structure during the final stages of its refinement were also incorporated into the refinement of the G156D structure. Early in refinement the starting model was allowed to relax to conform to the observed mutant crystallographic data. Stereochemical restraints were then applied to achieve the desired agreement with "ideal" bond lengths and angles (Table 11) .
RESULTS
Enzymatic Activity and Thermal Stability-The activity of the purified mutant lysozyme, measured at 22 "C using the standard turbidity assay (9), is 50% that of the wild-type enzyme. The reversible melting temperature of the enzyme, T,,, is the temperature of the midpoint of the thermal unfolding transition measured as described by Becktel and Baase (24) . AAG is the difference between the free energy of unfolding of the wild-type and mutant lysozymes estimated from AT,,, by using the relationship of Becktel and Schellman (25). monitored by following the change in dichroism at 223 nm under controlled conditions (241, is 58.6 "C at pH 6.5 (Table  111 ). This is 6.1 "C lower than the melting temperature of wild-type lysozyme at this pH and corresponds to an estimated reduction of 2.3 kcal/mol in the free energy of folding of the mutant structure relative to wild type (25). Unlike most mutant lysozymes, the stability of G156D is closer to that of wild-type lysozyme at pH 2.0 than at pH 6.5 (Table 111 ). The reduction in enzymatic activity of G156D coupled with its decreased thermal stability is consistent with the phenotype of the mutant phage (see above). Amino Acid Replacement-Deletion mapping showed that the mutation was between amino acid residue 135 and the C terminus (residue 164). This made it necessary to sequence only the 3' half of the gene.
The sequence of the EcoRI-Hind111 fragment of the lysozyme gene was identical to that of the wild-type gene except for the codon corresponding to amino acid 156. The wild-type GGC, corresponding t o glycine, was replaced by GAC, which codes for aspartic acid. The electron density difference map (see below) confirms the location of the mutation as determined by the DNA sequencing. Structural Changes-The map showing the difference in electron density between the mutant and wild-type lysozyme is shown in Fig. 2 . Fig. 2a is a section through the highest feature in the map, which corresponds to the new aspartic acid side chain. The peak height is 7u where u is the root mean square density throughout the asymmetric unit. Fig. 2b shows the difference density in the vicinity of residue 156 in stereo. In addition to the large positive peak at residue 156, there is positive and negative density extending along the backbone from residue 150 to residue 162, indicating that there has been a shift of these atoms away from the new side chain of Asp-156. In contrast, there is little if any difference density close to the side chains of Arg-95 and Trp-126, showing that the positions of these residues remain essentially 1.9 A. The first contours are drawn at f2u, and subsequent contours are drawn at increments of 1 u where u is the root mean square density throughout the unit cell. The figure also illustrates the side chain of Asp-156 and the overall trace of the backbone from residue 148 through 164. Parts of the backbone "in front" of this section ( z = -1/120) are drawn as a solid line; parts of the backbone "behind this section are drawn dotted. b, stereo drawing of the difference density superimposed on the structure of wild-type lysozyme in the vicinity of the Gly-156 + Asp substitution. Contours are drawn at +4u (solid) and -4u (broken).
FIG. 3. Electron density from a map calculated with amplitudes
(2F,., -F,ua-lm) and phases from the refined structure of wild-type lysozyme. The electron density is superimposed on the refined model of the mutant structure.
invariant. There is negative density at the position of solvent molecule 219 indicating that it is displaced in the mutant structure. (Crystallographic refinement (see below) shows that this solvent atom can be considered as having moved 1.8 A to occupy a new position that is indicated by positive density in Fig. 2b .) Further away from the site of the substitution, the electron density difference map is flat, indicating that the mutant structure is similar to wild-type structure.
In order to compare the refined mutant structure (Fig. 3 , Table 11 ) with that of wild-type lysozyme, it is necessary to eliminate any overall rotation or translation of one molecule relative to the other. Such a rotation or translation might be real or could also be due to changes in the unit cell dimensions of the mutant crystals relative to wild type.
The transformation that optimizes the superposition of the mutant coordinates (Xm, Y,, 2,) on the wild-type coordinates (12) is as follows. This transformation was applied to the mutant coordinates prior to the comparisons with the wild-type structure discussed below.
The root mean square difference in coordinates for all atoms common to G156D and wild-type lysozyme is 0.19 A. For the backbone atoms, including the &carbons, the difference is 0.17 A. The largest differences between the two structures are in the protein backbone immediately adjacent to the altered amino acid (Fig. 4) . The backbone carbonyl oxygen of Thr-155 moves 0.96 A and that of Gly/Asp 156 moves 0.78 A.
These are the largest changes in any protein atom. The insertion of the side chain of the aspartic acid tends to cause steric interference with Asp-92 (Fig. 4) . This is relieved in part by an adjustment in the side chain of Asp-92. A larger adjustment, however, consists of a concerted movement of residues 152-159. Of the 50 backbone atoms with the largest shifts, 32 occur within this segment. Residues 152-159 form a surface loop that connects the end of a-helix 143-155 with the irregular and highly mobile C-terminal helix 159-164. As a consequence of the concerted movement of this loop, there are significant shifts that are propagated up to 10 A across the surface of the protein. As mentioned above, solvent molecule 219 occupies a site in the mutant structure that is 1.8 8, from its location in wild-type lysozyme (Fig. 4) .
The crystallographic thermal factors of the backbone atoms in the vicinity of residue 156 are similar in the wild-type and mutant structures. There is, therefore, no crystallographic evidence that this mutation affects the dynamics of T4 lysozyme. 
DISCUSSION

Enzymatic Actiuity
The 50% reduction in activity that is associated with the mutation Gly-156 + Asp might be due to perturbation of the part of the enzyme surface that interacts with the peptidoglycan substrate. The behavior of a previously characterized low activity mutant, Glu-128 + Lys, was rationalized by model building and other studies which suggested that the peptide cross-link of E. coli cell walls contacted the C-terminal domain of T4 lysozyme in thc vicinity of residue 128 (2) . Since residue 156 is located 14 A from residue 128 (Fig. 1 ) the same argument could be applied, particularly since the Gly-156 -$ Asp subttitution causes structural perturbations that propagate 10 A or so across the surface of the protein (Fig. 4) . As with mutant E128K, the structure of G156D has no apparent changes in the immediate vicinity of the active site. It is interesting to note that another mutant of reduced (20%) activity, Pro-86 + Asp, also occurs in the same region of the molecule as residues 128 and 156 ( Fig. 1) and, in common with mutant lysozymes E128K and G156D, also includes a change in charge.'
Thermal Stability
There are several factors that appear to contribute to the decrease in thermal stability associated with the Gly-156 * Asp mutation. These include 1) torsional strain in the polypeptide backbone due to replacement of a glycine with a nonglycine, 2) distortion of favorable interactions in the wildtype structure, and possibly 3) electrostatic destabilization. In the following sections we discuss each of these factors and draw some general conclusions.
Replacement of Glycine with a Nonglycine-It is well known that the absence of a @-carbon allows a glycine to adopt a much wider range of backbone conformation angles than is the case for the other amino acids. The Ramachandran angles (27) for Gly-156 in wild-type lysozyme are 76" and 18". This corresponds to the so-called "left-handed a" configuration which is common for glycine and is observed occasionally for the other amino acids, particularly asparagine (e.g. see Ref. 28 ). In the mutant structure the same "left-handed" backbone configuration is maintained (Fig. 4) and the dihedral angles are essentially unaffected (4 = 68", J/ = 15"). Ramachandran et al. (29) , using the potential functions of Scheraga and Flory, have estimated that the energy for an L-alanyl residue in this region is about 2 kcal/mol higher than the energy of the same residue in a "right-handed a" or "extended @" conformation. 
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In contrast, a glycine has almost the same energy in a "righthanded a," "left-handed a," or "extended" configuration. Therefore, replacing a glycine with an aspartic acid results in a destabilizing energy of 2 kcal/mol due to the fact that Asp-156 in the folded protein is in the "left-handed a" configuration.
Changes in configurational entropy associated with the mutation also need to be considered. Amino acid substitutions of the form Gly + X result in a decrease in the backbone configurational entropy of unfolding (30, 31) which, in this instance, will tend to increase the stability of the mutant protein. The estimated contribution to the backbone configurational entropy of unfolding of an aspartic acid relative to glycine is -2.7 e.u., which corresponds to a decrease of about 0.9 kcal/mol in the free energy of unfolding. On the other hand, aspartic acid has a side chain which is ordered in the folded mutant structure (Fig. 4) . Glycine, of course, has no side chain. Assuming that three conformations are available for each side chain bond around which there is free rotation, the side chain configurational entropy of unfolding of an aspartic acid relative to a glycine increases the free energy of unfolding by about 1.0 kcal/mol. Therefore, in terms of free energy, the changes in the configurational entropy of the backbone appear to be almost exactly offset by changes in side chain entropy.
The side chain of Asp-156 participates in van der Waals, hydrogen bonding, and electrostatic interactions that have no counterpart in the Gly-156 structure (Fig. 4) . To some extent these new interactions stabilize the mutant structure but, as discussed in the following section, the associated conformational strain weakens many favorable interactions that exist in the wild-type molecule.
Induced Strain-As can be seen in Fig. 4 , the Gly + Asp substitution at position 156 causes structural adjustments that extend from residue 152 through 159. The introduction of a @-carbon at residue 156 tends to cause a steric clash with the side chain of Arg-95. Movement of Arg-95 is restricted because its guanidinium group is stacked next to Trp-126 (Fig. 4) . Also, if there were no adjustment, the carboxyl group of Asp-156 would be prohibitively close to that of Asp-92. In order to relieve steric interference, the loop containing residue 156 is forced outward. The introduced side chain of Asp-156 adopts a x1 value of 208" which, allowing for experimental error of -20", is within normal limits (32) . This suggests that the side chain itself is not in a rotationally strained configuration.
The structural adjustments that are associated with the mutation result in changes in the lengths of a number of hydrogen bonds. These are shown in Fig. 5, a and structure in the immediate vicinity of the amino acid substitution (Fig. 5b ) are longer than the corresponding H bonds in wild-type lysozyme (Fig. 5a) . Two cases are especially noteworthy. 1) The distance between the peptide nitrogen of Arg-95 and the carboxylate of Asp-92 increases from 3.10 to 3.59 A.
2) The distance between NH2 of Arg-95 and the carbonyl oxygen of Arg-154 increases from 3.27 to 3.66 A. In both these cases there is no alternative acceptor available for the proton that is being donated in the hydrogen bonds. Estimation of the energetics of hydrogen bonding is complicated because one has to compare hydrogen bonding in the folded versus the unfolded form. It has recently been shown that the energy of a single NH-0 hydrogen bond in a thermolysin-inhibitor complex is 4.1 kcal/mol (33, 34) . This is in good agreement with the semi-empirical H bond potential energy function proposed by Ramachandran (35) . According to Ramachandran2 an increase in the length of an N-0 H bond from 3.1 to 3.6 A corresponds to a reduction in the H bond potential energy from about 4 kcal/mol to-1.5 kcal/mol. An increase in H bond length from 3.3 to 3.7 A corresponds to a reduction in potential energy from about 2.7 to 1.4 kcal/mol. In addition to the increase in the hydrogen bond lengths in the mutant structure, there are, presumably, associated perturbations of favorable van der Waals contacts as well. In summary, it seems clear that the strain introduced into the mutant structure by the addition of the Glu-156 side chain contributes significantly to the overall destabilization.
Electrostatics-Wild-type lysozyme is a basic molecule with an isoelectric point of approximately 10. The incorporation of the acidic residue Asp-156 should, in general terms, tend to increase the stability of the folded mutant protein. (It takes more energy to fold a highly charged molecule than one that is less charged (e.g. see Ref. 8.) However, the environment of Asp-156 in the mutant structure is somewhat unusual (Fig.  5b) . Its side chain carboxylate is stacked against the guaqidinium of Arg-95 and is forced into a close contact (2.52 A) with Asp-92 (Fig. 5b) . Either the two aspartates could remain charged, with concomitant electrostatic repulsion, or, more likely, they form a hydrogen bond, requiring that one of these groups be protonated at pH 6.7, the pH of the lysozyme crystals. The required elevation of the pK. of one of the aspartates from its normal value of about 4.5 would tend to destabilize the mutant structure by about 3.0 kcal/mol (36) .
At a distance of about 2.5 A the potential function for the hydrogen bond between two oxygens changes rapidly from positive to negative. As a result the interaction between OD2 of Asp-156 and OD1 of Asp 92 may be favorable or unfavorable. The accuracy of the present refined coordinates (about 0.15 A) does not allow us to distinguish between these possibilities. At low pH both Asp-156 and Asp-92 would tend to be protonated, eliminating the electrostatic repulsion between them. This explains why the mutant protein is more stable, relative to wild type, at pH 2.0 than at pH 6.5 (Table 111) .
In an attempt to quantitate the electrostatic potential the modified Tanford-Kirkwood procedure (26, 37) was applied to both wild-type and the mutant lysozyme. In this approach the ionizable groups are treated as point charges on a sphere with their pKs modified by their accessibility to solvent. The results are summarized in Table IV . In wild-type lysozyme the calculated pK, of Asp-92 is 2.7. For the mutant molecule this pK, hardly changes while Asp-156 has a calculated pKa of 3.67. These calculated values are inconsistent with the apparent hydrogen bond between these two residues. Fig. 6 shows the calculated electrostatic potential for the wild-type and mutant structures in a section that passes through residue 156. This section shown in Fig. 6 is the one with the most noticeable difference between the two structures. However, the overall positive electrostatic potential of wild-type lysozyme is not very much affected by the mutation. There is a small region of negative potential in the vicinity of the mutation (Fig. 6) . The calculated electrostatic energy of stabilization of the mutant structure is about 1.3 kcal/mol larger than wild type (Table IV) . This calculated stabilization of the mutant structure relative to wild type is, no doubt, due to the addition of a negatively charged amino acid to a positively charged molecule, as was anticipated above. Because the isoelectric point of the protein is high, this stabilization occurs at both neutral and low pH. However, at neutral pH the generalized electrostatic stabilization resulting from the introduction of an acidic side chain in the mutant structure is offset by the specific electrostatic repulsion between Asp-156 and Asp-92.
General Conclusions-The analysis of this mutant lysozyme strengthens and extends several of the inferences for protein stability that have been suggested by studies of other mutants Mutant T4 lysozymes that are selected on the basis of their temperature-sensitive phenotype have melting temperatures 5-20 "C lower than that of the wild-type enzyme. Such mutants can, in general, be crystallized isomorphously with wildtype lysozyme and be studied at high resolution. Usually the three-dimensional structure of a mutant lysozyme is very similar to wild type, with changes in conformation being restricted to the immediate vicinity of the altered pmino acid. In the present case backbone atoms move up to 1 A, and there is concerted movement of a surface loop that includes about eight amino acids. These backbone shifts are more extensive than has been seen in prior analyses of other mutant lysozymes.
It has previously been argued that protein stabilization or destabilization cannot be attributed to a single determinant and, in different instances, can be due to changes in hydrophobic stabilization, hydrogen bonding, salt bridges, and so on (1) . The present analysis supports this conclusion. The temperature sensitivity of mutant G156D can be attributed primarily to two factors: 1) destabilization of the backbone configuration due to the introduction of a @carbon, and 2) sterically induced strain that weakens the hydrogen bond network in the vicinity of the altered amino acid. It is not clear whether electrostatic effects result in a net increase or decrease in the stability of the mutant structure. The close proximity of Asp-156 to Asp-92 in the mutant structure does, however, explain why the mutant enzyme becomes relatively less stable than wild type as the pH is increased.
It may also be noted that the temperature sensitivity of G156D, as well as all other temperature-sensitive lysozymes studied to date, can be rationalized in terms of destabilization of the folded native structure. It is not necessary to assume large changes in the stability of the unfolded form in order to understand the properties of mutant lysozymes. This is consistent with the recent finding that all temperature-sensitive mutations of T4 lysozyme identified to date only occur at sites with low mobility and low solvent accessibility in the folded protein (7).
(1, 3-7, 38).
